Introduction
Listeria monocytogenes is a food-borne pathogen that can lead to meningitis in immunocompromised adults or fetal infection and potentially miscarriage in pregnant women. 1 Listeriolysin O (LLO) is the major virulence factor of L. monocytogenes and enables the escape of the pathogen from the phagosome to the cytoplasm of infected host cells. This unique mechanism depends on the ability of LLO to interact with cholesterol in the phagosomal membrane where it oligomerizes and creates pores through which bacteria can escape to the cytosol. 2 Being an intracellular microorganism, L. monocytogenes evades host antibody-mediated immunity and protection against infection is mainly accomplished through cytotoxic cell-mediated immunity. 3, 4 The development of cytotoxic CD8 + immunity against major listerial antigens (including LLO) is particularly important for protection against listeriosis. 4 
Lactococcus lactis is a Gram-positive bacterium that is widely used in the food industry. Due to its GRAS (Generally Regarded
Listeria monocytogenes is a significant food-borne pathogen and the causative agent of listeriosis, a disease which manifests as meningitis in immunocompromised adults or infection of the fetus and miscarriage in pregnant women. We have previously used Lactococcus lactis, a GRAS (Generally Regarded As Safe) organism, as a vaccine vector against listeriosis by engineering plasmid-mediated expression of the immunodominant antigen from L. monocytogenes, listeriolysin O (LLO). However, the environmental release of an engineered vaccine vector carrying a replicating plasmid during clinical usage may raise safety concerns. Here we describe the integration of the LLO gene (hly) into the L. lactis chromosome through homologous double crossover to allow stable expression, in order to avoid the use of antibiotic selection markers and to eliminate the requirement for a plasmid-based system. The approach was designed to simultaneously eliminate the pyrG gene encoding the CTP synthase which is responsible for converting UTP to CTP in a unique step in the de novo pyrimidine synthesis in L. lactis. This gene was targeted in order to restrict bacterial replication outside of the host (biological containment). The resulting cytidine auxotroph was able to secrete LLO constitutively and could elicit LLO 91-99 -specific CD8 + T lymphocytes in the murine infection model. Moreover, protection against lethal challenge with L. monocytogenes was accomplished after intraperitoneal (IP) vaccination with the constructed strain. The implications for the use of cytidine auxotropy in biological containment are discussed.
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As Safe) status, L. lactis has been extensively investigated as a vaccine vector by expressing heterologous antigens of various pathogens. 5 Recently we investigated L. lactis as a potential vaccine vector against listeriosis by expressing LLO constitutively or inducibly in various cellular compartments. 6, 7 In the latter study the LLO gene (hly) was cloned in plasmid vectors and transformed into L. lactis. However, ultimately the clinical use of a plasmid-borne system will raise safety concerns about the release of vectors expressing antibiotic resistance markers which have a risk of transfer to pathogens in the environment. Since promising immunological outcomes were obtained using plasmid-mediated expression of LLO in L. lactis, 6 we endeavoured in the present study to stably integrate hly into the chromosome of L. lactis for constitutive expression of LLO. The strong constitutive lactococcal P23 promoter 8 was chosen to drive LLO expression and a construct was designed to replace the lactococcal pyrG gene using the pORI280/pVE6007 integration system. 9, 10 The pyrG gene was targeted because it encodes the CTP synthase responsible REPORT REPORT This finding indicates that the absence of cytidine from the culture medium is generally bacteriostatic rather than bactericidal. When the same mutant was grown in CDM containing 20 μg/ ml cytidine, a phase of initial growth occurred starting from 6.5 log CFU/ml up to 8 log CFU/ml in the first 24 h, followed by a slow decline until it reached about 6.5 log CFU/ml again on day 15 . This suggests that upon consumption of the provided cytidine from the CDM culture medium, the resulting cytidine starvation condition is bacteriostatic (Fig. 4A) .
Survival of the cytidine auxotroph L. lactis MG1363 ΔpyrG (P23:SEC-LLO) was also examined in autoclaved soil as an attempted simulation of a natural environmental situation. No significant difference in survival was observed between the cytidine auxotroph and the wild type MG1363 strain (Fig. 4B) . This indicates that cytidine auxotrophy does not lead to a dramatic cell death in conditions of cytidine starvation and suggests that other approaches (such as deletion of the thyA locus) are necessary for full biological containment.
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CD8
+ T lymphocytes specific for the H2-K 22 The cellular immune response was examined 4 weeks after the last IP booster. Groups injected with L. lactis MG1363 ΔpyrG (P23:SEC-LLO) or the positive control L. monocytogenes EGDe showed significant LLO 91-99 -specific spots (p < 0.05) (Fig. 5A) . On the contrary, no specific spots were observed with groups treated with the wild type L. lactis MG1363 or the PBS-treated group (Fig. 5A) .
Protection against L. monocytogenes challenge following IP vaccination. Mice were challenged intraperitoneally with L. monocytogenes EGDe 4 weeks after the final vaccine booster. Three days following challenge, mice were euthanized and the listerial count was determined in the spleens. Bacterial count results following the IP vaccination revealed significant protection (p < 0.05) as evidenced by the low listerial count in spleens of mice vaccinated with L. lactis MG1363 ΔpyrG (P23:SEC-LLO) (Fig. 5B) . In contrast, high listerial counts were observed in the organs of the PBS-treated groups or groups treated with the control strain L. lactis MG1363 (Fig. 5B) . These results reflect the previous ELISPOT results (Fig. 5A) where L. lactis MG1363 ΔpyrG (P23:SEC-LLO) could elicit LLO 91-99 -specific spots.
Discussion
L. lactis has been repeatedly examined as a safe and effective vaccine delivery platform for the delivery of various heterologous antigens to the immune system. 5 In our previous work, we successfully expressed listeriolysin O (LLO) of L. monocytogenes in L. lactis under inducible and constitutive conditions. 6 The hly gene of LLO was expressed on plasmid vectors and immunizations with the constructed strains elicited specific protective immune responses against listeriosis in the murine infection for the unique de novo pathway that converts UTP to CTP in L. lactis. 11 Consequently, when pyrG is knocked out, a requirement for cytidine is established and cytidine has to be added in culture media for bacterial survival. 11 It was previously reported that mutations in the thymidylate synthase (thyA) gene of bacteria led to strict thymidine or thymine auxotrophy and rapid cell death in thymidine-free media (thymine-less death). 12 The previous concept was utilized by Steidler et al. 13 to create a biologically contained L. lactis that secretes hIL-10 (human interleukin 10) to treat inflammatory bowel disease (IBD) by the oral route. When the hIL-10 expression cassette replaced thyA in L. lactis, a strict thymidine auxotroph was created which rapidly died upon thymidine starvation and is therefore 'biologically contained'. 13 This biological containment property is proposed to prevent the dissemination of genetically modified bacteria in the environment where pyrimidine is limiting.
In brief, in the present work we created a cytidine auxotroph of L. lactis that constitutively secretes LLO from an integrated construct. In vivo vaccination using the created strain was investigated in mice where it resulted in an LLO-specific CD8 + response and protection upon challenge with wild type L. monocytogenes. This construct will provide a platform for the development of future vaccines and for delivery of further heterologous antigens.
Results
Success of replacement recombination in L. lactis MG1363 chromosome and production of LLO. We constructed a pORI280 plasmid vector carrying the hly gene from L. monocytogenes under the influence of the P23 promoter and flanked by appropriate sites for integration in place of the pyrG gene of L. lactis ( Figs. 1 and 2 ). Integration of pORIP23:SEC-LLO (single crossover) in the L. lactis MG1363 chromosome followed by excision of pORI280 along with pyrG (including its native promoter), (i.e., double crossover), was confirmed by a number of PCR reactions (Fig. 3A) using primers outlined in Figure 2 . The resulting strain, L. lactis MG1363 ΔpyrG (P23:SEC-LLO), was examined for LLO secretion by TCA-precipitation of the supernatant followed by western blot using primary rabbit anti-LLO antibodies (Diatheva, Italy). A specific band of LLO was obtained at the expected protein size (about 57 KDa) (Fig. 3B) . Culture supernatant of L. lactis MG1363 ΔpyrG (P23:SEC-LLO) had complete hemolytic units (CHU) of 8 confirming the secretion of biologically active LLO.
Deletion of pyrG gene has a bacteriostatic rather than bactericidal effect on the cytidine auxotroph L. lactis MG1363 ΔpyrG (P23:SEC-LLO). The pyrG gene is reported to encode the enzyme CTP synthase. 11 This enzyme is responsible for the conversion of UTP to CTP and it is the only pathway for the de novo synthesis of CTP. We examined if pyrG deletion would result in a strictly auxotrophic cytidine mutant and if this deletion would have a bacteriostatic or bactericidal effect on the resulting mutant in cytidine deprived culture medium. Upon growing L. lactis MG1363 ΔpyrG (P23:SEC-LLO) in CDM lacking cytidine, there was a slow decline of the bacteria from 6.5 log CFU/ml to about 5 log CFU/ml over a 15 day period (Fig. 4A) .
CD8
+ T cell response. Future work in our laboratory will test this hypothesis using a range of test antigens.
In the present system deletion of pyrG was targeted as we postulated that this would lead to cytidine auxotropy and limited survival of the vaccine strain in the natural environment (biological containment). Although mutation of pyrG has previously been reported, those studies were mainly functional studies and it was not determined whether mutation resulted in a bacteriostatic or bactericidal effect on L. lactis during cytidine starvation.
11, 27 Here we found that cytidine auxotrophy was indeed achieved in the L. lactis MG1363 ΔpyrG (P23:SEC-LLO) strain. However, the strain did not demonstrate significant cell death upon cytidine starvation in CDM and the effect was found to be mainly bacteriostatic rather than bactericidal. Moreover, we attempted to simulate environmental conditions as closely as possible by inoculating the bacteria into autoclaved soil. However, no significant difference in survival was found between wild type L. lactis MG1363 and L. lactis MG1363 ΔpyrG (P23:SEC-LLO) in this environment. These findings are in contrast to the work of Steidler et al. who demonstrated pyrimidine auxotrophy in model. 6 Given these promising results, we have designed and constructed a vaccine delivery platform in which LLO is expressed in L. lactis through chromosomal integration rather than plasmid-mediated cloning. This ensures stability of expression, avoids the use of antibiotic selection markers and reduces the likelihood of gene transfer to other bacterial species in the natural environment. Moreover, we have chosen a strong lactococcal constitutive promoter (P23) 8 to drive the expression of LLO which allows the continuous production of LLO without the need for an inducer. The system was designed to replace the pyrG gene of L. lactis MG1363 with the LLO expression cassette using homologous recombination via the integrative pORI280 plasmid system ( Figs. 1 and 2) . The integration process was confirmed by PCR reactions throughout the engineering of this stable delivery vector (Fig. 3A) . Primers specific for pyrG (30 and 31) and primers specific for hybrid products of the LLO expression cassette and PRE-pyrG or POST-pyrG (27/29 and 28/internal 3 primer pairs respectively) were used. This confirmed the loss of the pyrG gene and the correct chromosomal integration of the LLO expression cassette (Figs. 2 and 3A) . The resulting strain was also confirmed for constitutive secretion of LLO (Fig. 3B) .
The L. lactis MG1363 ΔpyrG (P23:SEC-LLO) strain successfully elicited LLO 91-99 -specific CD8 + lymphocytes and provided significant protection against lethal L. monocytogenes challenge following IP vaccination in our model system. The LLO-expressing L. lactis most likely elicited this specific CD8 + immune following phagocytosis by peritoneal macrophages which are the main antigen presenting cells (APCs) in the peritoneum. 24 Subsequently these macrophages are known to process antigen (LLO) and present specific epitopes in the context of MHC class I complex to CD8 + cells. Although some CD8 + T cells may be residing in the peritoneum, 25 the main stages in antigen presentation are assumed to occur in peripheral lymph nodes upon drainage of the peritoneal macrophages, or drainage of unphagocytosed bacteria, from the peritoneal cavity through the lymphatics. 26 This leads ultimately to systemic activation and proliferation of specific CD8
+ lymphocytes as seen in our study. The current data support our previous work using replicating plasmid vectors to deliver LLO and indicate that integration of hly under a strong constitutive promoter does not adversely affect the efficacy of the strain for vaccine delivery. The delivery of LLO permeabilizes the phagosomal membrane in antigen presenting cells 2 and we propose that the L. lactis MG1363 ΔpyrG (P23:SEC-LLO) vector provides a potential delivery platform for the delivery of other heterologous antigens to the cytoplasmic MHC class I pathway for the generation of a strong Figure 1 . Cloning of LLO expression cassette in the integrative RepA -plasmid pORI280. The uppermost construct was created using the splicing by overlap extension (SOE) technique as described in the material and methods section. Insertion in pORI280 was achieved through restriction digestion (XbaI and BglII) followed by ligation resulting in the formation of pORIP23:SEC-LLO.
Overall, we demonstrate the feasibility of chromosomal integration of the LLO gene (hly) through homologous double crossover in L. lactis and the successful expression of LLO in this system. The subsequent pyrG deletion at the site of hly integration resulted in cytidine auxotrophy which mainly had a bacteriostatic effect on the vaccine strain. LLO-specific immune responses and protection against listeriosis were elicited by the vaccine strain after IP vaccination. We propose that the current vaccine strain may act as a carrier for other heterologous antigens of any pathogen where LLO would facilitate antigen escape to the cytoplasm and subsequent presentation through the MHC class I pathway. For strict biological containment of the vaccine strain, L. lactis through deletion of the thymidylate synthase gene (thyA) leading to a "thymine-less death" of the cells upon thymidine or thymine deprivation. 13 It was found that their L. lactis ΔthyA mutant was completely killed within 3 days in thymidine-free culture medium. 13 Collectively our work suggests that cytidine auxotropy in L. lactis is bacteriostatic whilst thymidine auxotropy is bactericidal in media depleted of pyrimidines. The mechanisms underpinning these different responses remain unknown. We propose that future studies could focus upon creation of a double mutant in both thyA and pyrG to determine whether the double mutation offers any benefits over the thyA mutation with respect to biological containment. Table 2 ).
we recommend that the accompanying heterologous antigen be integrated in place of the thyA gene of L. lactis ΔpyrG (P23:SEC-LLO) thereby resulting in double pyrimidine auxotrophy.
Materials and Methods
Bacterial strains, plasmids and culture conditions. A summary of bacterial strains and plasmids used in this study is shown in Table 1 . Luria-Bertani (LB) broth was used for Escherichia coli cultures while M17 broth (Oxoid) supplemented with 0.5% glucose (i.e., GM17) was used for Lactococcus. For L. monocytogenes, brain heart infusion (BHI) broth (Oxoid) was used. Technical agar (Merck) was added (1.5% w/v) when solid media were required. Incubation temperatures were 30°C for L. lactis and 37°C for L. monocytogenes and E. coli respectively unless otherwise stated. When required, Erythromycin (Em) was used at a concentration of 200 μg/ml for E. coli and at 5 μg/ml for Lactococcus. Chloramphenicol (Cm) was used at a concentration of 10 μg/ml when required. All cell culture media and reagents were obtained from Gibco unless otherwise stated.
Cloning of hly in pORI280 integration vector. Cloning was performed using the integration plasmid pORI280, 10 to allow replacement recombination of hly gene in place of the essential pyrG gene in the genome of L. lactis MG1363. The Splicing by Overlap Extension (SOE) technique 14 was used to create a construct composed of the following in order: 839 bp that naturally exist upstream from the native promoter of pyrG gene in L. lactis MG1363 genome (hereafter referred to as PRE-pyrG), the constitutive P23 promoter, 8 the secretion signal of the Usp45 protein (designated SEC in this work) 15 with downstream hly gene (without its native secretion signal), 16 and 1,000 bp that naturally exist downstream of the pyrG gene in L. lactis MG1363 genome (hereafter designated POST-pyrG). All PCR reactions were region (obtained by PCR amplification from L. lactis MG1363 genome using primers 18 and 26) to give the final construct PRE-pyrG/P23/SEC-LLO/POST-pyrG (Fig. 1) . The final SOE construct was sequentially digested with BglII and XbaI respectively and then ligated into a similarly digested pORI280 vector. Ligation was performed using T4 DNA ligase (Roche) and the ligation reaction was transformed into electro-competent E. coli EC101 (RepA + ) using Gene Pulser (Biorad) and cells were plated onto LB agar (containing 64 μg/ml X-gal and 200 μg/ml Em). Plates were incubated at 37°C for 24 h and blue colonies were checked by colony PCR. One Positive EC101 colony (containing plasmid pORIP23:SEC-LLO) was selected and stocked at -80°C.
Plasmid was extracted from E. coli EC101 (pORIP23:SEC-LLO) using the Qiagen Miniprep Kit (Qiagen). The integrity of the DNA sequence was confirmed by sequencing (Cogenics, UK).
Transformation of Lactococcus lactis MG1363 (pVE6007) with pORIP23:SEC-LLO and induction of replacement recombination. Electrocompetent L. Lactis MG1363 (pVE6007), prepared as previously described, 17 was transformed with pORIP23:SEC-LLO using Gene Pulser (Biorad) and plated onto GM17 agar containing Em (5 μg/ml) and X-gal (64 μg/ml). Plates were incubated at 30°C for 24-48 h. Blue colonies were checked by colony PCR for successful transformation. For induction of chromosomal integration (single crossover), a positive colony was subcultured once in GM17 (Em 5 μg/ml) at 30°C overnight, then subcultured overnight twice sequentially (0.1% v/v inoculum) in pre-warmed GM17 broth (Em 5 μg/ml) at 37°C. The latter high temperature (37°C) promotes the loss of the temperature-sensitive RepA + pVE6007 vector inducing the chromosomal integration of the RepA -pORIP23:SEC-LLO. This integration is guided through the homology between the constructed integration plasmid and the chromosomal DNA flanking the pyrG gene (Fig. 2) . After growth of the second 37°C culture, a loopful was taken from the broth and streaked onto pre-warmed GM17 agar (5 μg/ml Em, 64 μg/ml X-gal) and incubated at 37°C for 24-48 h. Colonies were checked by replica plating on GM17 agar containing 10 μg/ml Cm to ensure chloramphenicol sensitivity (i.e., loss of pVE6007). Single crossover integration was confirmed by PCR and also by the absence of any plasmid content upon using the Qiagen Miniprep kit for plasmid extraction.
Excision of the integrated pORI280 derivative from the chromosome was performed by passaging (continuous subculturing using 0.1% v/v overnight inocula) at 37°C in antibiotic-free prewarmed (37°C) GM17 broth (1 mg/ml cytidine) and spreading at intervals on GM17 agar containing 64 μg/ml X-gal and 1 mg/ ml cytidine. White colonies were picked up and checked by PCR to differentiate between cells with successful double crossover (P23/SEC-LLO in place of pyrG gene) and wild type revertants. Since CTP synthase, encoded by the pyrG gene, is essential for L. lactis, cytidine was added to all media in the second crossover procedures to facilitate the creation of the cytidine auxotroph L. lactis MG1363 ΔpyrG (P23:SEC-LLO).
Investigation of LLO production and haemolytic activity. The overnight culture supernatant of L. lactis MG1363 ΔpyrG performed using the high fidelity KOD hot start DNA polymerase (Novagen) following manufacturer's instructions.
Primers used in the PCR procedures are outlined in Table 2 . Briefly, to create the construct, primers 16 and 24 were used to amplify the PRE-pyrG region using a genomic preparation from L. lactis MG1363 as a template. Genomic preparation from Lactococcus Wg2 was used as a template to amplify the constitutive promoter P23 using primers 22 and 23. The previous two PCR products (i.e., PRE-pyrG and P23 promoter) were spliced by the SOE technique at 1:1 molar ratio using primers 16 and 23 resulting in the spliced product PRE-pyrG/P23. A Histagged listeriolysin O gene (hly) with upstream Usp45 secretion signal (SEC) was amplified using primers 25 and 15 with plasmid pNZPnisA:SEC-LLO (previously created in our work 6 ) as a template. This resulting SEC-LLO product was further spliced downstream of the PRE-pyrG/P23 product by a SOE-PCR reaction using primers 16 and 15 yielding the product PRE-pyrG/ P23/SEC-LLO. Finally, using primers 16 and 26, this latter spliced product was further PCR-spliced to the POST-pyrG detection was performed using the Amersham ECL western blotting system (Amersham Biosciences UK, Ltd.) according to the protocol recommended by the manufacturer.
Haemolytic activity of the secreted LLO was assayed to ensure biological activity using the method described by Kohda C et al. 19 with some modifications. Briefly, aliquots of 100 μl of 0.5% v/v sheep red blood cells (RBCs) suspended in PBS (pH 5.9) were distributed in 1.5 ml Eppendorf tubes. Twofold serial dilutions (in PBS pH 5.9) of dialyzed culture supernatant were added to each tube to a final volume of 1 ml. A positive control (distilled water) and negative controls (PBS, pH 5.9 and supernatant from wild type L. lactis) were also included. Tubes were incubated statically at 37°C for 45 min after which they were centrifuged and supernatants collected. Absorbance was measured at 415 nm and hemolytic (P23:SEC-LLO) was collected. Proteins from this supernatant were precipitated as previously described 18 by adding cold trichloroacetic acid (TCA) solution (75% w/v) to attain a final TCA concentration of 15% w/v.
For SDS-PAGE, a 12% SDS-polyacrylamide separating gel and 4% stacking gel were used. For western blot analysis, gels were blotted against a nitrocellulose membrane (Hybond-ECL TM , Amersham Biosciences UK, Ltd.) in a semi-dry western transfer apparatus. Membranes were blocked overnight at 4°C in 5% skimmed milk in TBS buffer (0.8% sodium chloride, 20 mM Tris-HCl, pH 7.6). Primary rabbit anti-LLO antibody (Diatheva, Italy) and secondary anti-rabbit antibody (ECL western blotting system) were used at 1/1,000 and 1/1,500 dilutions in 5% and 10% skimmed milk in TBS buffer respectively. Western blot Challenge test using IP L. monocytogenes EGDe. Listerial challenge was performed as previously described. 23 Briefly, mice were challenged 4 weeks after the last vaccination booster with intraperitoneal (IP) injection of 200 μl of 2 x 10 6 CFU/ml (i.e., 2 x 10 5 CFU/mouse) L. monocytogenes EGDe. Mice were euthanized 3 days post-challenge and the listerial burden was determined in spleens through organ homogenization, serial dilutions and plating on BHI agar plates. Plates were incubated at 37°C for 2 days and Listeria counts were calculated per organ. The limit of detection (LOD) of Listeria was 50 CFU per organ.
Interpretation of data and statistical analysis. Statistical analysis was performed using One Way ANOVA with post hoc analysis by the Holm-Sidak method or by using the Student's t-test. Results with p values of less than 0.05 were considered statistically significant. activity was assessed. Hemolytic activity was expressed in terms of complete hemolytic units (CHU) defined as the reciprocal of the highest dilution of supernatant showing complete haemolysis.
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Investigation of the biological containment property of L. lactis MG1363 ΔpyrG (P23:SEC-LLO). The pyrG gene encodes the only CTP synthase in L. lactis MG1363 which is essential for the de novo synthesis of CTP from UTP as previously reported. 11 Growth experiments were carried out at time intervals, in the presence or absence of cytidine, to examine the effect of pyrG deletion on the survival of L. lactis MG1363 ΔpyrG (P23:SEC-LLO). Briefly, Lactococcus Chemically Defined Medium (CDM) 21 with or without cytidine (20 μg/ml) was used to grow L. lactis MG1363 ΔpyrG (P23:SEC-LLO). Bacteria were first inoculated into the corresponding media at time zero and this culture was split to small aliquots incubated at 30°C statically. The bacterial count was examined at different time intervals by plating onto GM17 agar containing 1 mg/ml cytidine to examine the growth or decline of the bacteria. To examine bacterial survival in nature, another experiment was also conducted by inoculating bacteria (suspended in 5 ml PBS) in 5 g autoclaved soil where proper mixing was performed by vigorous vortexing and inoculated soil was incubated at 30°C statically. The viable count was determined at intervals by resuspending duplicate samples of the inoculated soil in 10 ml PBS and plating onto GM17 agar containing 1 mg/ml cytidine and the count was calculated as CFU/ml of the resuspended soil.
Animals and immunization protocols. Female BALB/c mice, 6-8 weeks in age, were used in all animal experiments. All animal procedures were carried out according to institutional ethical guidelines and performed in a dedicated facility. Animals were divided into groups of five mice each. Mice were given five intraperitoneal (IP) doses of L. lactis MG1363 ΔpyrG (P23:SEC-LLO) on days 1, 2, 8, 15 and 28. L. lactis MG1363-treated groups and phosphate-buffered saline (PBS)-treated groups were included as negative controls. The IP doses were five x 10 3 and 10 6 CFU/mouse on days 1 and 2 respectively followed
